In Lake Lucerne, Switzerland, the predaceous cladocerans Leptodora kindti and Bythotrephes longimanus segregate along spatial and temporal dimensions. In spring (April-May/June), Bythotrephes longimanus occurs below 0-20 m, while Leptodora is absent. In summer and early autumn (July-September/October), when Leptodora dominates during daytime in the 0-20 m depth, Bythotrephes longimanus also lives in deeper zones. Food competition and fish predation pressure may be the cause of differences in ecology of Leptodora and Bythotrephes acquired during evolution. Due to its transparency and tolerance of higher temperature, Leptodora could avoid fish predation and, therefore, competes with Bythotrephes longimanus successfully. In addition, the differences between the two species may account for the spatial and temporal niche segregation in oligotrophic Swiss Lakes. But spatial niche segregation is less important in mesotrophic lakes with high prey density than in oligotrophic lakes with low prey density. In small, eutrophic lakes importance of temporal niche segregation also decreases, and Bythotrephes is seldom or not present. The preference of Bythotrephes to live in deeper water to avoid fish predation during summer may be the cause of its difficulties to establish itself in small and eutrophic lakes with high prey densities, where the hypolimnion is missing or anoxic.
Introduction
Bythotrephes longimanus (Onychopoda) and Leptodora kindti (Haplopoda) are both important predatory species on small planktonic cladocerans, copepod nauplii and large rotifers (Hall, 1964; De Bernardi, 1974; Vanderploeg et al., 1993) . Both have maximum body sizes of about 10 mm and they have similar life cycles: they hatch in late winter/early spring from resting eggs, populate the pelagic zone during the warm seasons, reproduce parthenogenetically for several generations, then reproduce sexually to form large resting eggs containing sufficient energy to remain in the sediment during winter (Ischreyt, 1930; Cummins et al., 1969) . Visual predators may select their prey based on the total visibility of prey, which is highly related to body size (Kerfoot, 1980) . Apparently the relationship of the total visibility of prey to the body size differs among prey species. Leptodora, although large, is highly transparent and, therefore, can reside in surface waters hardly encountered by visual zooplanktivores (e.g. coregonid fish), whereas Bythotrephes is subject to predation by planktivorous fish (Mookerji et al., 1997) . Gliwicz (1981) , Branstrator and Lehman (1991) and Vijverberg (1991) reported that in spring herbivorous cladocerans carried significantly more eggs per clutch than in summer. It is not known from our lakes in Switzerland if the predaceous cladoceran B. longimanus show the same change from r-to K-strategy or not.
North American populations of Bythotrephes cederstroemi are most similar to Finnish populations, while Swedish and German populations form a separate group (Berg and Garton, 1994) . German Bythotrephes-species B. longimanus (Flössner, 1972) exists in Swiss Lakes (Mittelholzer, 1970) .
The general aim of the paper was to analyze the factors responsible for co-existence of these two predatory cladocerans.
The first objective of our research was to examine how some European populations of these two crustaceans, which have always coexisted in some oligotrophic Swiss lakes, reduce interspecific competition and why they do not coexist in some other lakes. The following hypotheses were formulated:
The two species prey on different food types. (a) No niche segregation occurs. (b) Their prey is ecologically adapted to different environmental conditions. Niche segregation occurs in response to prey niche segregation. In some lakes, one or both species cannot exist due to the lack of the preferred food type.
The two species prey on the same food types. onmental conditions. In some lakes, one or both species cannot exist due to unfavourable environmental conditions. (e) Fish predation pressure forced them to adopt different predator avoiding strategies.
The second objective was to examine fecundity and body size of these two predatory cladocerans under mesotrophic and oligotrophic conditions.
The following hypotheses were formulated: (a) The predaceous cladocerans change their fecundity over the year, thereby alternating between rand K-strategies as a response to changing predatory pressure from planktivorous fishes. (b) Under meso-or eutrophic conditions, B. longimanus will reach greater body length than under oligotrophic conditions.
Methods

Spatial and temporal niche segregation
Unpublished data (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) on plankton collected from Lake Lucerne and Lake Zürich were examined. Vertical hauls from two depth strata (0-20 m & bottom-20 m) were collected simultaneously during the day with two tilt-closing nets with a mesh size of 95 µm (Bürgi, 1983) . Samples were stored in 4% formaldehyde. Plankton data are also available from Lake Constance, Switzerland/Germany, and some smaller Swiss lakes (Table 1) . Data from upper Lake Constance are from the years 1987-1993, and those from lower Lake Constance come from the years 1963 -1973 and 1992 (Lake Rhein) and 1987 -1993 (Lake Ueberlingen). Data from Lake Sempach and Lake Hallwil, Switzerland, were collected during the years 1982-1992. Sampling methods were the same for all lakes (Bürgi, 1983) .
Determination of fecundity and body length
Archived zooplankton samples, stored in 4% formaldehyde, from the years 1976 (mesotrophic conditions) and 1994 (oligotrophic conditions) taken from Lake Lucerne were counted and measured using a WILD binocular microscope with 25-50× magnification. To determine the total body length of each Bythotrephes, three single measurements were performed (Fig. 1) . The embryonic development of Bythotrephes was determined according to Ischreyt (1930) by molting stage, number of visible barbs on the spina basis, and by the stage of embryo development. Yurista (1991) employed this method to classifiy B. cederstroemi into four stages (eggs: small, round; I: early embryo; II: red eye; III: black eye). Fecundity was determined for a total of 1277 Bythotrephes. 
Statistics
Mean values of the data from the animals sampled were compared with the Friedman test and the nonparametric U-test of Wilcoxon, Mann and Whitney, both at the 0.05 significance level (Lozan, 1992) .
Results and discussion
Spatial and temporal niche segregation Hypothesis 'the two species prey on different food types'
A literature search revealed that L. kindti and B. longimanus could prey on the same food types: small and slow species of Daphnia and Bosmina (Sprules et al., 1990; Herzig & Auer, 1990; Makarewicz & Jones, 1990; Lehman, 1991) . In Europe, Leptodora and Bythotrephes evolved together and coexist in some lakes, while not in others (Akeret, 1993) . In North America, Leptodora evolved without Bythotrephes. However, Bythotrephes cederstroemi, which grows larger than B. longimanus, was recently introduced into the Laurentian Great Lakes via freighters (Sprules et al., 1990 ).
According to Yan & Pawson (1997) , Bythotrephes cederstroemi shows distinct food preferences, which changed the zooplankton structure of invaded lakes in North America. Bosmina longirostris progressively declined within 3 years after invasion of Bythotrephes in Harp Lake, while a few large species became more abundant. Daphnia galeata mendota was unusually abundant even though Bythotrephes peaked in abundance at the same time (in summer). Yurista & Schulz (1995) suggested that preferential predation by adult B. cederstroemi on medium sized daphnids should select for very large or helmeted taxa, while juvenile Bythotrephes should compete with Leptodora for smaller cladocerans, such as bosminids. Based on material budgets and mass balance analyses, Lehman & Branstrator (1995) concluded that Bythotrephes feed principally on Daphnia. In L. Washington, Leptodora kindti co-occurred with other cladocerans than Daphnia (Edmondson & Litt, 1982) . Therefore, changes of Daphnia in Lake Washington show little relation to Leptodora. To answer the above hypothesis, more investigations on food preference of B. longimanus are necessary. 
Hypothesis 'the two species prey on the same food type'
The introduction of B. cederstroemi, documented for the first time in 1984 in Lake Huron , has caused major changes in the indigenous plankton community: Small species of Daphnia disappeared and the resident Leptodora population collapsed (Bur & Klarer, 1991; Lehman & Caceres, 1993) . In North America, high population densities of Leptodora do not occur in lakes with high densities of Bythotrephes (Bur & Klarer, 1991; Lehman & Caceres, 1993) . From these results, we can deduce the following conclusion: the fundamental niche of both species is substantially larger than the realized niche. There is a large overlap of the zone where both species could live as long as the other one does not exist. But when both species exist, competition and niche segregation is the result. Direct interference of Bythotrephes on Leptodora is important to the observed patterns of distribution. Hypothesis a could be rejected. Leptodora dominated the 0-20 m level in Lake Lucerne during the summer, whereas Bythotrephes was frequently observed below 20 m (Fig. 2) . The absence of Leptodora in April-June from the lake, and the low density of Leptodora in October-December, restricts the possibility of competition between Leptodora and Bythotrephes to the summer period (July-September). From April to June and from October to December, Bythotrephes is also found near the surface; 50-100% of Bythotrephes live in the 0-20 m stratum during these periods. The degree of niche overlap should not neglect the weak spatial niche segregation during day time. (Hypothesis b) .
Bythotrephes usually appears in May/June and remains in the lake until November/December. Leptodora appears generally at the beginning of July (in the basins Ueberlingen and Rhein (Lake Constance) beginning of June). It disappears from the lake in September/October after sexual reproduction. First observation of Leptodora males in L. Lucerne was mid August. Duration of dormancy of resting eggs from Leptodora and Bythotrephes are comparable (3-4 months) (Herzig, 1985) , but in Mondsee the sexual reproduction of Leptodora starts 2 weeks earlier than Bythotrephes. In Mondsee, Leptodora begin hatching at the beginning of May, one month before Bythotrephes (Herzig, 1985) . The population development of Bythotrephes in Lake Lucerne, lower Lake Zürich, and the Ueberlingen basin of Lake Constance, is usually marked by two peaks (Fig. 2 , example from Lake Lucerne). These two population peaks of Bythotrephes likely represent two different cohorts. But because parthenogenesis allows a quick reaction to favourable environmental conditions, it is very difficult to say if cohort development leads to the second peak. Leptodora, by contrast, usually exhibits a single peak. The maximum abundance of Leptodora appears between the two population's peaks of Bythotrephes (Fig. 2) . Similar alternating peaks of Leptodora and Bythotrephes occurred in Lake Walen (Gammeter et al., 1996) .
Temporal niche segregation occurs (Hypothesis c).
Temperature can play an important role in plankton dynamics. B. longimanus lives in spring and autumn near the surface. Not only the lack of competition with Leptodora could be the reason for this, but also low temperatures and reduced water column transparency during spring and autumn. reported that both Leptodora and B. cederstroemi were equally tolerant of high temperatures (20-30 • C). Leptodora showed seasonal shifts in thermal tolerance and was less tolerant to low temperatures (5-15 • C) than Bythotrephes cederstroemi. In relatively shallow lakes, such as upper Lake Zürich or the Rhein basin of Lake Constance, Bythotrephes longimanus is found at very irregular intervals. Even in the samples taken over a few months, densities may vary dramatically. Perhaps large numbers of animals are periodically brought into the system from larger lake basins. Alternatively high temperatures from time to time may decimate populations, resulting in a very patchy spatial distribution. Lake depth and volume are factors which influence the temperature regime of a lake and ultimately Bythotrephes populations. In addition, large algal biomass alters not only the light penetration and thermal stratification but also the oxygen conditions in the metaand hypolimnion. In lakes that are too small and too shallow, Bythotrephes perhaps could not have occupied its preferred depth and high temperatures may have had an impact on the populations. The same could have happened in very eutrophic lakes such as Lake Hallwil, Lake Sempach and Lake Greifen (Table  1) . Since the investigations by Heuscher (1895) when L. Sempach was still oligotrophic, only Leptodora was found in this 87 m deep lake. High predation pressure of whitefish in L. Sempach might have caused the local extinction of Bythotrephes before plankton was monitored. In Lake Hallwil, Bythotrephes was often found, but with increasing eutrophication it dis- appeared from the lake (Fig. 3) . Lack of oxygen in deeper water and water that was too warm near the surface, could have eliminated the species (Akeret, 1993) . In 1967, Mittelholzer (1970) found Leptodora in the strongly eutrophic and relatively shallow Lake Greifen. Therefore, Leptodora and Bythotrephes are ecologically adapted to different environmental conditions (Hypothesis d).
According to Makarewicz & Jones (1990) , Bythotrephes can be eliminated from lakes with strong predation pressure from fish. Intense fish predation pressure may also have lead to the summer decline of Bythotrephes in Lakes Zurich and Lucerne, which favors the development of Leptodora population. The transparent body of Leptodora can be interpreted as a predator avoidance strategy. Large individuals of Leptodora (>6 mm) and prey with a compound eye diameter >0.05 mm (regardless of prey length) are positively selected by cyprinid fish (Pelecus cultratus) in the shallow Neusiedler See (Herzig, 1995) . With the presence of an alternative and suitable prey, small sized Leptodora seems to be less encountered by visual hunting fish (Liu & Herzig, 1996) . In Lake Hallwil, where Bythotrephes was frequently found in the early 1980s, it made up 90% of the food organisms of whitefish (Akeret, 1993) . Mookerji et al. (1997) found a strong preference of whitefish (Coregonus sp.) for Cyclops: however, once Bythotrephes appears in the plankton, it is preferentially selected. The largest Coregonus biomass is made up of the 18 cm fish (subadult, adult). From 8 to 10 cm size upwards, fish (especially whitefish) begin to feed on Bythotrephes. According to Sprules et al. (1990) , the pigmented eye of the crustacean is recognized by the fish. The maximum predation pressure from zooplanktivorous fishes is recorded from June until August/September, when Leptodora is present in the plankton and Bythotrephes occurs only in deeper water layers where they are less available to visually hunting fish. Makarewicz & Jones (1990) found the same results for the Laurentian Great Lakes, where the alewife (Alosa pseudoharengus) feeds on Mysis relicta, Bythotrephes and other zooplankton of the epilimnion during the summer period; however, during the circulation phase, alewife feeds upon Pontoporeia in greater depths. Makarewicz & Jones (1990) attributed the late autumn peak of Bythotrephes to, among other factors, a change in foraging strategy of Alosa in Lake Ontario. Therefore, we deduce, that predation pressure by fish (Hypothesis e) has a severe impact on Bythotrephes populations.
Conclusion
(Niche segregation) Food competition and fish predation pressure may be the cause of differences in the ecology of Leptodora and Bythotrephes acquired during evolution. Despite of the fact that the pigmented area within the compound eye make them both conspicuous to planktivorous fish, Leptodora could as a rule avoid fish predation and, therefore, compete with Bythotrephes longimanus successfully, due to its higher transparency and slower movements. In addition, the differences between the two species may account for the spatial and temporal niche segregation in oligotrophic Swiss Lakes. Under food limitation, the competition between the voracious predators is much stronger than in mesotrophic lakes with sufficient prey. Therefore, spatial niche segregation is less important in mesotrophic lakes than in oligotrophic lakes. In small, eutrophic lakes, the importance of temporal niche segregation also decreases because Bythotrephes is seldom present (Fig. 3) . The preference of Bythotrephes to live in deeper water to avoid fish predation during summer may be the cause of its difficulties to establish itself in small and eutrophic lakes where the hypolimnion is missing or anoxic despite high prey densities.
Fecundity and total body length
Fecundity
According to Sprules et al. (1990) , the age of Bythotrephes cederstroemi at the first reproduction is 13 days, and the egg development time is 8 days (both at 15 • C water temperature). Flössner (1972) stated that Leptodora kindti and Bythotrephes longimanus can carry up to 15 and 10 eggs, respectively. However, Bythotrephes usually carries 3-6 eggs.
The samples from spring (May 1976 and 1994) clearly show smaller females of B. longimanus P<0.05) , which are already fertile with only one barb, and which carry many eggs and embryos (r-strategy). The remaining samples from June and July 1976 (Fig. 4) and June, July and September 1994 (Fig. 4) contain larger females which, however, usually only carry embryos in the broodpouch after developing two barbs. The number of young is significantly lower (K-strategy). This change of strategy possibly serves to rapidly populate open waters in late spring and minimize predation by fish in summer and autumn. Females with a large broodpouch are too easily visible to fish. Therefore, it may be advantageous for females to have fewer young. Gliwicz (1981) reached a similar conclusion regarding Daphnia, stating that "food limitation and selective predation by fish on Daphnia may be responsible for a decreased fecundity in Daphnia-population". However, Gliwicz (1981) assumed a constant temperature in his experiments, though this does not occur in nature. Branstrator & Lehman (1991) reported that in June Bosmina carried significantly more eggs per clutch than in July or August. Vijverberg (1991) showed that Leptodora in Tjeukemeer (Friesland, Holland) also show the highest fecundity at the beginning of the population development. Different species in the same ecosystem show similar population dynamics, which could be related to similar ecological factors. The Fecundity Hypothesis is supported.
Total Body length
The size of Bythotrephes is the product of internal conditions (genetic potential) and external factors (temperature, nourishment) (Ischreyt, 1930) . Bilkovic & Lehman (1997) concluded that the size differences of Bythotrephes cederstroemi were not likely the result of nutritional condition but that the morphology might be an compromise between being small enough to reduce visual planktivory and large enough to make use of the available prey size spectrum. Burkhardt (1994) did not find significant correlations between abundance of major zooplankton and the dry weight of B. cederstroemi, which was, however, closely related to water temperature.
B. cederstroemi show remarkable differences among lakes in the allometry of spine length to body length of neonates (Sullivan & Lehman, 1998 ). The differences disappear by instar 3, such that all adult females have spines of about 8 mm. As a structural investment, the spine has an adaptive value to enhance survival. Studies of the feeding behaviour of young fish demonstrate that the caudal spine of Bythotrephes reduces predation (Barnhisel, 1991) . There might be an optimal spine length for hydrodynamic factors like minimal eddies or initial shift from viscous to turbulent drag (Sullivan & Lehman, 1998) .
It may be expected that Bythotrephes only grows large under optimal conditions (abundant food, moderate temperatures, mesotrophic conditions). This supposition (Fig. 4) is a reasonable correlation. Animals were significantly larger (U-Test, P<0.05) in summer and autumn of the year 1976 when the lake was mesotrophic and provided more food (see Table 1 ) than during 1994 when it was oligotrophic. Total body length Hypothesis is supported.
Conclusion (fecundity and body size)
Shortage of prey and the maximum fish predation pressure in summer may change the life strategy of Bythotrephes: while the fecundity decreases from generation to generation, the body length increases. More abundant small cladocerans during mesotrophic conditions in L. Lucerne lead to larger individuals in summer and autumn.
